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We explore whether non-standard dark sector physics might be required to solve the existing
cosmological tensions. The properties we consider in combination are: (a) an interaction between
the dark matter and dark energy components, and (b) a dark energy equation of state w different
from that of the canonical cosmological constant w = −1. In principle, these two parameters are
independent. In practice, to avoid early-time, superhorizon instabilities, their allowed parameter
spaces are correlated. Moreover, a clear degeneracy exists between these two parameters in the case
of Cosmic Microwave Background (CMB) data. We analyze three classes of extended interacting
dark energy models in light of the 2019 Planck CMB results and Cepheid-calibrated local distance
ladder H0 measurements of Riess et al. (R19), as well as recent Baryon Acoustic Oscillation (BAO)
and Type Ia Supernovae (SNeIa) distance data. We find that in quintessence coupled dark energy
models, where w > −1, the evidence for a non-zero coupling between the two dark sectors can surpass
the 5σ significance. Moreover, for both Planck+BAO or Planck+SNeIa, we found a preference
for w > −1 at about three standard deviations. Quintessence models are, therefore, in excellent
agreement with current data when an interaction is considered. On the other hand, in phantom
coupled dark energy models, there is no such preference for a non-zero dark sector coupling. All the
models we consider significantly raise the value of the Hubble constant easing the H0 tension. In the
interacting scenario, the disagreement between Planck+BAO and R19 is considerably reduced from
4.3σ in the case of ΛCDM to about 2.5σ. The addition of low-redshift BAO and SNeIa measurements
leaves, therefore, some residual tension with R19 but at a level that could be justified by a statistical
fluctuation. We conclude that non-minimal dark energy cosmologies, such as coupled quintessence
or phantom models, may soften the existing cosmological tensions.
I. INTRODUCTION
The canonical ΛCDM scenario has proven to pro-
vide an excellent match to observations at high and
low redshift, see for instance [1–10]. Despite its enor-
mous success, there are some tensions among the val-
ues of cosmological parameters inferred from indepen-
dent datasets [11–13]. The most famous and persisting
one is that related to the value of the Hubble constant H0
as measured from Planck Cosmic Microwave Background
(CMB) data (h = (0.6737±0.0054) [10]) versus the value
extracted from Cepheid-calibrated local distance ladder
measurements (R19, h = (0.7403±0.0142) [14]), referred
to as theH0 tension, with h = H0/(100 km s−1 Mpc−1) 1.
This tension now reaches the 4.4σ level.
Two main avenues have been followed to solve the H0
tension. The first one is based on the possibility that
Planck and/or the local distance ladder measurement
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1 In Ref. [15, 16] the reader can find complete reviews comparing
the CMB and local determinations of H0.
of H0 suffer from unaccounted systematics 2. The sec-
ond more intriguing possibility is that the H0 tension
might be the first sign for physics beyond the concor-
dance ΛCDM model. The most economical possibilities
in this direction involve phantom dark energy (i.e. a
dark energy component with equation of state w < −1)
or some form of dark radiation (so as to raise Neff beyond
its canonical value of 3.046) [42–44]. However, in recent
years, a number of other exotic scenarios attempting to
address the H0 tension have been examined, including
(but not limited to) decaying dark matter (DM), inter-
actions between DM and dark radiation, a small spatial
curvature, an early component of dark energy (DE), and
modifications to gravity (see e.g. [45–105] for an incom-
plete list of recent papers). 3
From the theoretical perspective, interactions between
2 See e.g. [17–21] for studies of possible systematics in the context
of Planck and e.g. [22–26] in the context of the local distance
ladder measurement. Local measurements other than the R19
one exist, but most of them appear to consistently point towards
values of H0 significantly higher than the CMB one (see e.g. [27–
41]).
3 Other scenarios worth mentioning include the possibility that
properly accounting for cosmic variance (due to the fact that
a limited sample of the Hubble flow is observed) enlarges the
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2DM and DE beyond the purely gravitational ones are not
forbidden by any fundamental symmetry in nature [118–
123] and could help addressing the so called coincidence
or why now? problem [124–128] , see e.g. [129–174] and
Ref. [175] for a recent comprehensive review on interact-
ing dark sector models, motivated by the idea of coupled
quintessence [176–184]. These models may also be an in-
teresting key towards solving some existing cosmological
tensions [170, 185–199].
We have recently shown that one particular and well-
studied interacting DE model is still a viable solution to
the H0 tension in light of the 2019 Planck CMB and local
measurement of H0 [200]. However, our study in [200]
considered a minimal dark energy scenario, where the
interacting DE component is essentially a cosmological
constant. In this work, we allow for more freedom in
the DE sector, considering a more generic DE compo-
nent with an equation of state w not necessarily equal to
−1. We here study in more detail the properties of DE
required to solve the H0 tension, analyzing the suitable
values of the coupling (ξ) and the equation of state (w)
for the DE component which can ameliorate the Hub-
ble tension. While these two parameters are, in prin-
ciple, independent, the potential presence of early-time
superhorizon instabilities results in their viable parame-
ter spaces being correlated.
The rest of this paper is then organized as follows. Sec-
tion II reviews the basic equations governing the cosmol-
ogy of extended interacting dark energy models, briefly
discussing their stability and initial conditions. The
methodology and datasets adopted in our numerical stud-
ies are presented in Sec. III, whereas in Sec. IV we present
our results. We conclude in Sec. V.
II. EXTENDED INTERACTING DARK
ENERGY MODELS
Interacting dark energy models (IDE in what follows)
are characterized by a modification to the usual conser-
vation equations of the DM and DE energy-momentum
tensors Tµνc and Tµνx (which would usually read∇νTµνc =
∇νTµνx = 0), which now read [133, 134]:
∇νTµνc =
Quµ
a
, (1)
∇νTµνx = −
Quµ
a
, (2)
where a is the scale factor and the DM-DE interaction
rate is given by Q:
Q = ξHρx , (3)
uncertainty of the locally determined H0 to the point that the
tension is alleviated [106–110], or that local measurements might
be biased by the presence of a local void [111–115] (see however
e.g. [116, 117] for criticisms on both these possibilities).
with ξ is a dimensionless number quantifying the strength
of the DM-DE coupling. From now on, we shall refer
to ξ as the DM-DE coupling. Notice that Q > 0 and
Q < 0 indicate, respectively, energy transfer from DE
to DM and viceversa, or a possible decay of DE into DM
and viceversa, depending on the details of the underlying
model.
At the background level, for a pressureless cold DM
component and a DE component with equation of state
(EoS) w, the evolution of the background DM and DE
energy densities are [134]:
ρc =
ρ0c
a3
+
ρ0x
a3
[
ξ
3w + ξ
(
1− a−3w−ξ)] , (4)
ρx =
ρ0x
a3(1+w)+ξ
, (5)
where ρ0c and ρ0x are the DM and DE energy densities
today, respectively. At the linear perturbation level, and
setting the DE speed of sound c2s,x = 1, the evolution
of the DM and DE density perturbations (δc, δx) and
velocities (θc, θx) are given by:
δ˙c = −θc − 1
2
h˙+ ξHρx
ρc
(δx − δc) + ξ ρx
ρc
(
kvT
3
+
h˙
6
)
, (6)
θ˙c = −Hθc , (7)
δ˙x = −(1 + w)
(
θx +
h˙
2
)
− ξ
(
kvT
3
+
h˙
6
)
−3H(1− w)
[
δx +
Hθx
k2
(3(1 + w) + ξ)
]
, (8)
θ˙x = 2Hθx + k
2
1 + w
δx + 2H ξ
1 + w
θx − ξH θc
1 + w
, (9)
where h is the usual synchronous gauge metric pertur-
bation. In addition, vT is the center of mass velocity
for the total fluid, whose presence is required by gauge
invariance considerations [201]:
vT =
∑
i ρiqi∑
i (ρi + Pi)
, (10)
where the index i runs over the various species (whose
energy densities and pressures are ρi and Pi), and qi is
the heat flux of species i, given by:
qi =
(ρi + Pi) θi
kPi
. (11)
The initial conditions for the DE perturbations δx and
θx also need to be modified to the following [201]:
δinx (η) =
1 + w + ξ/3
12w2 − 2w − 3wξ + 7ξ − 14δ
in
γ (η)
× 3
2
(2ξ − 1− w) , (12)
θinx (x) =
3
2
η(1 + w + ξ/3)
2w + 3wξ + 14− 12w2 − 7ξ δ
in
γ (η) , (13)
where η = kτ .
3Finally, besides affecting the evolution of the back-
ground and the perturbation evolution, as well as requir-
ing suitable initial conditions, the presence of a DM-DE
coupling may affect the stability of the interacting sys-
tem. Apart from the gravitational instabilities present
when w = −1 [133, 202], there may also be early-time
instabilities [133, 134, 139, 201–203], and avoiding them
leads to imposing stability conditions on w and ξ. There-
fore, within the model in question, even though in prin-
ciple the two parameters ξ and w describing the dark
energy physics sector are independent, it turns out that
only two distinct classes of models remain possible: es-
sentially, the signs of ξ and 1 + w have to be opposite.
In one class of models ξ > 0 and w < −1 (and thus en-
ergy flows from DE to DM), and in the second one ξ < 0
and w > −1 (thus energy transfer occurs from DM to
DE). 4 Also, as it is clear from Eq. (4), even when the
aforementioned instability-free prescriptions are consid-
ered, one needs to ensure that the DM energy density
remains positive by requiring ξ < −3w. This is not a
problem when ξ < 0 and w > −1, since accelerated ex-
pansion requires w < −1/3, and therefore w cannot take
positive values, meaning that ξ < 0 automatically implies
ξ < −3w. For the ξ > 0 and w < −1 case, the condition
ξ < −3w is not automatically satisfied, and it needs to be
imposed as an extra constraint on the allowed parameter
spaces.
III. MODELS AND DATASETS
The parameter space of the IDE model we consider
is described by the usual six cosmological parameters of
ΛCDM, complemented by one or two additional param-
eters depending on whether we allow the dark energy
equation of state w to vary freely. We recall that the six
parameters of the ΛCDM model are the baryon and cold
DM physical density parameters Ωbh2 and Ωch2, the an-
gular size of the sound horizon at decoupling θs (given
by the ratio between the sound horizon to the angular
diameter distance at decoupling), the optical depth to
reionization τ , and the amplitude and tilt of the primor-
dial power spectrum of scalar fluctuations As and ns.
To these 6 cosmological parameters, we add the DM-DE
coupling ξ and the DE EoS w.
The stability issue discussed in Sec. II will influence
the choice of priors on the cosmological parameters. Ide-
ally, we would want to consider two types of cosmological
models: ΛCDM+ξ (seven parameters) and ΛCDM+ξ+w
(eight parameters). Technically speaking, within the
baseline ΛCDM model, the DE EoS would be fixed to
4 Other possibilities considered in the literature to address these
two types of instabilities include an extension of the parametrized
post-Friedmann approach to the IDE case [204–209], as well as
considering phenomenological coupling functions Q depending
on the DE EoS w [189, 192, 210, 211].
w = −1. However, as we discussed in Sec. II, in the case
of IDE models, this leads to gravitational instabilities,
which undermine the viability of the model. Therefore,
naïvely considering a baseline ΛCDM+ξ model would not
work and we fix the DE EoS to w = −0.999 instead,
an approach already adopted in [141, 200]. Indeed, for
∆w ≡ 1 + w sufficiently small, Eqs. (8,9) are essentially
only capturing the effect of the DM-DE coupling ξ, while
at the same time the absence of gravitational instabilities
is guaranteed. To avoid early-time instabilities, we also
require ξ < 0. We refer to this model as ξΛCDM.
We then extend the baseline ξΛCDM model by allow-
ing the DE EoS w to vary. To satisfy the stability con-
ditions, see Sec. II, we consider two different cases: one
where ξ > 0 and w < −1 (which we refer to as ξpCDM
model, where the “p” reflects the fact that the DE EoS
lies in the phantom regime), and one where ξ < 0 and
w > −1 (which we refer to as ξqCDM model, where
the “q” reflects the fact that the DE EoS lies in the
quintessence regime). The three interacting dark energy
models we consider in this work, and in particular the
values of w and ξ allowed by stability conditions therein,
are summarized in Tab. I.
Having described the three models we consider in
this work, we now proceed to describe the datasets
we adopt. We first consider measurements of CMB
temperature and polarization anisotropies, as well as
their cross-correlations. This dataset is called Planck
TT,TE,EE+lowE in [10], whereas we refer to it as
Planck. We then include the lensing reconstruction power
spectrum obtained from the CMB trispectrum analy-
sis [212], which we refer to as lensing.
In addition to CMB data, we also consider Baryon
Acoustic Oscillation (BAO) measurements from the
6dFGS [213, 214], SDSS-MGS [215, 216], and BOSS
DR12 [8] surveys, and we shall refer to the combination of
these BAO measurements as BAO. Supernovae Type Ia
(SNeIa) distance moduli data from the Pantheon sam-
ple [24], the largest spectroscopically confirmed SNeIa
sample consistent of distance moduli for 1048 SNeIa, are
Model DE EoS DM-DE coupling Energy flow
ξΛCDM w = −0.999 ξ < 0 DM→DE
ξpCDM w < −1 ξ > 0 , ξ < −3w DE→DM
ξqCDM w > −1 ξ < 0 DM→DE
TABLE I. Summary of the three interacting dark energy mod-
els considered in this work. For all three cases, we report the
values allowed for the DE EoS w and the DM-DE coupling
ξ ensuring that gravitational instabilities, early-time instabil-
ities, and unphysical values for the DM energy density are
avoided, as well as the direction of energy flow (DE→DM or
DM→DE). For all models, we vary the six usual parameters
of the ΛCDM model.
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FIG. 1. Left (right) panel: Samples from Planck chains in the (H0, Ωmh2) plane for the ξqCDM (ξpCDM) model, color-coded
by ξ.
also included in our numerical analyses, and we refer to
this dataset as Pantheon. Finally, we consider a Gaus-
sian prior on the Hubble constant H0 = 74.03 ± 1.42
km/s/Mpc, as measured by the SH0ES collaboration
in [14], and we refer to it as R19.
We modify the Boltzmann solver CAMB [217] to incor-
porate the effect of the DM-DE coupling as in Eqs. (6-
9). We sample the posterior distribution of the cos-
mological parameters by making use of Markov Chain
Monte Carlo (MCMC) methods, through a suitably mod-
ified version of the publicly available MCMC sampler
CosmoMC [218, 219]. We monitor the convergence of the
generated MCMC chains through the Gelman-Rubin pa-
rameter R−1 [220], requiring R−1 < 0.01 for our MCMC
chains to be considered converged.
IV. RESULTS
We now discuss the results obtained using the methods
and datasets described in Sec. III. We begin by consid-
ering the baseline ξΛCDM model, wherein the DE EoS
is fixed to w = −0.999 (as a surrogate for the cosmolog-
ical constant Λ for which one has w = −1) and ξ < 0.
Then we will describe the ξqCDM model, where ξ < 0
and w > −1 , and finally the ξpCDM model where ξ > 0
and w < −1.
A. ξΛCDM model
In this section we explore the same model as in
Ref. [200] but in light of different datasets, notably in-
cluding also the BAO and Pantheon measurements of
the late-time expansion history. These results are sum-
marized in Tab. II.
Notice that with Planck CMB data alone, the value
of the Hubble constant is much larger than that ob-
tained in the absence of a DM-DE coupling (H0 =
67.27 ± 0.60) km/s/Mpc) and therefore the H0 tension
is strongly alleviated. When combining Planck with R19
measurements, the statistical preference for a non-zero
coupling ξ is more significant than 5σ. These results
agree with the ones obtained in [200]. The reason for
this preference is given by the fact that in the ξΛCDM
model the energy flows from DM to DE, and then the
amount of DM today is smaller. To match the position of
the acoustic peaks in the CMB the quantity Ωch2 should
not decrease dramatically, which automatically implies a
larger value of h, i.e. H0.
The addition of low-redshift measurements, as BAO or
Supernovae Ia Pantheon Pantheon data, still hints to the
presence of a coupling, albeit at a lower statistical signif-
icance. Also for these two data sets the Hubble constant
values are larger than those obtained in the case of a pure
ΛCDM scenario (H0 = 67.66± 0.42 km/s/Mpc (67.48±
0.50 km/s/Mpc) for Planck+BAO (+Pantheon)). While
in this case the central values of the inferred Hubble pa-
rameter are not as high as for the previously discussed
case considering CMB data alone (for Planck+BAO we
find 69.4+0.9−1.5 km/s/Mpc), this value is large enough to
bring the H0 tension well below the 3σ level. In other
words, the tension between Planck+BAO and R19 could
be due to a statistical fluctuation in the case of an inter-
acting scenario. It is also important to remind that BAO
data is extracted under the assumption of LCDM, and
5the modified scenario of interacting dark energy could af-
fect the result. However, the residual tension also clearly
confirms earlier findings based on the inverse distance
ladder approach (e.g. [43, 221–223]) that finding late-time
solutions to the H0 tension which satisfactorily fit BAO
and SNe data is challenging (albeit not impossible).
B. ξqCDM model
The constraints on the quintessence coupled model
(ξqCDM) are summarized in Tab. III.
In these models, the energy flows from the DM to the
DE sector and the amount of the DM mass-energy den-
sity today is considerably reduced as the values of the
coupling ξ are increased, see Eq. (4) and the left panel of
Fig. 1. This explains why the Planck, Planck+R19, and
Planck+lensing dataset combinations prefer a non-zero
value of the coupling at a rather high significance level
(> 3σ), as a value ξ < 0 can accommodate the smaller
amount of DM required when w > −1.
Concerning the H0 tension, even if the value of the
Hubble constant 69.8+4.0+2.5 km/s/Mpc obtained for Planck
data only is larger than in the baseline ΛCDMmodel, it is
still not as large as in the case of the ξΛCDM model dis-
cussed above. This is due to the strong anti-correlation
between w and H0, see the left panel of Fig. 2. This
well-known anti-correlation reflects the competing effects
of H0 and w on the comoving distance to last-scattering
and is dominating the impact of ξ, which would instead
push H0 to even larger values as we saw earlier.
When combining CMB with the low-redshift BAO and
Pantheon datasets, intriguingly a significant preference
for a large negative value of ξ persists, contrarily to the
ξΛCDM scenario. Such a preference is driven by the fact
that a non-zero coupling ξ will reduce the large value
of Ωm required if the DE EoS is allowed to vary in the
w > −1 region. As we saw earlier for the ξΛCDM model,
adding low-redshift data decreases the central value of
H0, but it also reduces the significance of the Hubble
tension between Planck+BAO and R19. Interestingly, we
see that in case of Planck+ BAO and Planck+Pantheon
there is also a preference for w > −1 at about three
standard deviations. This preference is also suggested
by the Planck+R19 dataset. As a matter of fact, in
the case of interacting dark energy, quintessence models
agree with observations and also reduce the significance
of the Hubble tension.
C. ξpCDM model
The last model explored here is the one in which the
DE EoS varies within the phantom region, w < −1.
Therefore, to avoid instabilities, the coupling ξ must be
positive. The constraints on this model are shown in
Tab. IV.
Notice from the right panels of Fig. 1 and Fig. 2 that
(i) the current amount of Ωmh2 is larger than within
the ΛCDM case [see also Eq. (4)]; and (ii) the value of
the Hubble constant is also always much larger than in
the canonical ΛCDM. This is due to the well-known fact
that when w is allowed to vary in the phantom region,
the parameter H0 must be increased to not to affect the
location of the CMB acoustic peaks. Consequently, we
always obtain an upper bound on ξ rather than a pre-
ferred region, as the presence of a non-zero coupling ξ
drives the value of Ωmh2 to values even larger than those
obtained when w is not constant and is allowed to vary
within the w < −1 region freely.
However, the H0 tension is still also strongly allevi-
ated in this case, as there is an extreme degeneracy be-
tween w and H0 (see the right panel of Fig. 2), with
H0 = 81.3 km/s/Mpc from Planck-only data. Therefore,
as we saw earlier for the ξqCDM model, the H0-w degen-
eracy is strongly dominating over the H0-ξ one. There-
fore, within the ξpCDM model, the resolution of the H0
tension is coming from the phantom character of the DE
component, rather than from the dark sector interaction
itself.
When including low-redshift BAO and Pantheon mea-
surements, the net effect is to bring the mean value of the
DE EoS w very close to −1. Consequently, the value of
H0 also gets closer to its standard mean value within the
ΛCDM case, albeit remaining larger than the latter. In
any case, we confirm that the H0 tension is reduced with
non-minimal dark energy physics also when low-redshift
data are included.
V. CONCLUSIONS
In this work, we have re-examined the hotly debated
H0 tension in light of the state-of-the-art high- and low-
redshift cosmological datasets, within the context of ex-
tended dark energy models. In particular, we have con-
sidered interacting dark energy scenarios, featuring in-
teractions between dark matter (DM) and dark energy
(DE), allowing for more freedom in the dark energy sec-
tor compared to our earlier work [200], by not restricting
the dark energy equation of state to being that of a cos-
mological constant. Early-time superhorizon instability
considerations impose stability conditions on the DM-DE
coupling ξ and the DE EoS w, which we have carefully
taken into account.
The most important outcome of our studies is the fact
that within these non-minimal DE cosmologies, the long-
standing H0 tension is alleviated to some extent. For
most of the models and dataset combinations considered,
we find indications for a non-zero DM-DE coupling, with
6Parameters Planck Planck Planck Planck Planck
+R19 +lensing +BAO + Pantheon
Ωbh
2 0.02239± 0.00015 0.02239± 0.00015 0.02241± 0.00014 0.02236± 0.00014 0.02235± 0.00015
Ωch
2 < 0.0634 0.031+0.013−0.023 < 0.0675 0.095
+0.022
−0.008 0.103
+0.013
−0.007
100θMC 1.0458
+0.0033
−0.0021 1.0470± 0.0015 1.0456+0.0031−0.0024 1.0424+0.0006−0.0013 1.04185+0.00049−0.00078
τ 0.0541± 0.0076 0.0534± 0.0080 0.0526± 0.0074 0.0540± 0.0076 0.0540± 0.0076
ns 0.9655± 0.0043 0.9656± 0.0044 0.9663± 0.0040 0.9647± 0.0040 0.9643± 0.0042
ln(1010As) 3.044± 0.016 3.042± 0.017 3.039+0.013−0.015 3.044± 0.016 3.044± 0.016
ξ −0.54+0.12−0.28 −0.66+0.09−0.13 −0.51+0.12−0.29 −0.22+0.21−0.05 −0.15+0.12−0.06
H0[km/s/Mpc] 72.8+3.0+1.5 74.0
+1.2
−1.0 72.8
+3.0
+1.6 69.4
+0.9
−1.5 68.6
+0.8
−1.0
σ8 2.3
+0.4
−1.4 2.71
+0.05
−1.3 2.2
+0.4
−1.4 1.05
+0.03
−0.24 0.95
+0.04
−0.12
S8 1.30
+0.17
−0.44 1.44
+0.17
−0.34 1.30
+0.15
−0.42 0.93
+0.03
−0.10 0.892
+0.028
−0.054
TABLE II. Constraints at 68% CL errors on the cosmological parameters for the ξΛCDM model.
Parameters Planck Planck Planck Planck Planck
+R19 +lensing +BAO + Pantheon
Ωbh
2 0.02237± 0.00015 0.02241± 0.00015 0.02239± 0.00014 0.02239± 0.00014 0.02236± 0.00015
Ωch
2 < 0.0433 < 0.0230 < 0.0483 < 0.0543 < 0.0574
100θMC 1.0468
+0.0031
−0.0013 1.0482
+0.0017
−0.0008 1.0466
+0.0031
−0.0016 1.0463
+0.0033
−0.0018 1.0461
+0.0032
−0.0019
τ 0.0537± 0.0077 0.0540± 0.0080 0.0530± 0.0075 0.0545± 0.0078 0.0537± 0.0078
ns 0.9650± 0.0042 0.9660± 0.0043 0.9658± 0.0042 0.9659± 0.0041 0.9648± 0.0043
ln(1010As) 3.043± 0.016 3.043± 0.016 3.040± 0.015 3.044± 0.016 3.044± 0.016
ξ −0.63+0.06−0.22 −0.73+0.05−0.10 −0.61+0.08−0.22 −0.59+0.09−0.25 −0.58+0.10−0.26
w < −0.839 −0.949+0.013−0.049 < −0.839 −0.842+0.086−0.072 −0.842+0.090−0.054
H0[km/s/Mpc] 69.8+4.0+2.5 73.3
+1.2
−1.0 69.9
+3.7
−2.5 68.6± 1.4 68.3± 1.0
σ8 2.6
+0.7
−1.7 3.4
+0.9
−1.3 2.5
+0.6
−1.6 2.3
+0.6
−1.4 2.2
+0.5
−1.3
S8 1.43
+0.29
−0.46 1.63
+0.31
−0.26 1.39
+0.23
−0.44 1.35
+0.24
−0.45 1.33
+0.20
−0.44
TABLE III. Constraints at 68% CL errors on the cosmological parameters for the ξqCDM model.
a significance that varies depending on whether or not
we include low-redshift BAO and SNeIa data. When we
allow the DE EoS w to change, we find that the H0-w de-
generacy strongly dominates over the H0-ξ one. This im-
plies that the H0 tension is more efficiently solved in the
coupled phantom ξpCDM model with ξ > 0 and w < −1
rather than in the coupled quintessence ξqCDM model
with ξ < 0 and w > −1, due to the phantom character
of the DE rather than due to the presence of the DM-DE
interaction.
The inclusion of low-redshift BAO and SNe data
(whose results the reader can find in the two rightmost
columns of Tab. II, Tab. III, and Tab. IV) somewhat
mildens all the previous findings, although it is worth
remarking that the H0 tension is still alleviated even
in these cases. It is also intriguing to see that within
the coupled quintessence ξqCDM model with ξ < 0 and
w > −1, the indication for a non-zero DM-DE coupling
persists even when low-redshift data is included. Interest-
ingly, evidence for w > −1 at three standard deviations
is present when BAO or SNeIa data are included.
As a word of caution, the full procedure which leads to
the BAO constraints carried out by the different collab-
orations might be not necessarily valid in extended DE
models such as the ones explored here. For instance, the
BOSS collaboration, in Ref. [224], advises caution when
using their BAO measurements (both the pre- and post-
reconstruction measurements) in more exotic dark energy
cosmologies (see also [225] for related work exploring sim-
ilar biases). Hence, BAO constraints themselves might
need to be revised in a non-trivial manner when applied
to constrain extended dark energy cosmologies. We plan
7Parameters Planck Planck Planck Planck Planck
+R19 +lensing +BAO + Pantheon
Ωbh
2 0.02239± 0.00015 0.02237± 0.00015 0.02242± 0.00015 0.02238± 0.00014 0.02235± 0.00015
Ωch
2 0.132+0.005−0.012 0.133
+0.006
−0.012 0.133
+0.006
−0.012 0.134
+0.007
−0.012 0.134
+0.006
−0.012
100θMC 1.04027
+0.00064
−0.00048 1.04024
+0.00063
−0.00048 1.04029
+0.00062
−0.00051 1.04019
+0.00060
−0.00051 1.04017
+0.00060
−0.00051
τ 0.0537± 0.0080 0.0542± 0.0078 0.0524± 0.0072 0.0545± 0.0080 0.0542± 0.0081
ns 0.9655± 0.0043 0.9650± 0.0042 0.9663± 0.0041 0.9654± 0.0040 0.9643± 0.0044
ln(1010As) 3.042± 0.016 3.044± 0.017 3.039± 0.014 3.045± 0.016 3.045± 0.016
ξ < 0.130 < 0.157 < 0.140 < 0.187 < 0.178
w −1.59+0.18−0.33 −1.264± 0.057 −1.57+0.19−0.32 −1.095+0.072−0.040 −1.084+0.051−0.038
H0[km/s/Mpc] > 81.3 74.1± 1.4 85+10−5 68.8+1.1−1.5 68.33± 0.99
σ8 0.883± 0.082 0.802+0.059−0.043 0.871± 0.083 0.753± 0.046 0.755+0.051−0.042
S8 0.742± 0.040 0.778+0.032−0.026 0.735± 0.038 0.790± 0.026 0.797± 0.027
TABLE IV. Constraints at 68% CL errors on the cosmological parameters for the ξpCDM model.
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FIG. 2. Left (right) panel: 68% and 95% CL allowed regions in the (w,H0) plane for the ξqCDM (ξpCDM) model For Planck
alone, Planck+BAO, and Planck+R19. Note the marginal overlap between the Planck+BAO and Planck+R19 confidence
regions indicating an easing of the Hubble tension.
to explore these and related issues in future work.
Overall, our results suggest that non-minimal modifi-
cations to the dark energy sector, such as those consid-
ered in our work, are still an intriguing route towards ad-
dressing the H0 tension. As it is likely that such tension
will persist in the near future, we believe that further in-
vestigations along this line are worthwhile and warranted.
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